Quantum droplets have intrigued much attention recently in view of their successful observations in the ultracold homonuclear atoms. In this work, we demonstrate a new mechanism for the formation of quantum droplet in heteronuclear atomic systems, i.e., by applying the synthetic spin-orbit coupling(SOC). Take the Bose-Fermi mixture for example, we show that by imposing a Rashba SOC between the spin states of fermions, the greatly suppressed Fermi pressure can enable the formation of Bose-Fermi droplets even for very weak boson-fermion attractions, which are insufficient to bound a droplet if without SOC. In such SOC-induced quantum droplets, the boson/fermion density ratio universally depends on the SOC strength, and they occur in the mean-field collapsing regime but with a negative fluctuation energy, distinct from the interaction-induced droplets found in literature. The accessibility of these Bose-Fermi droplets in ultracold Cs-Li and Rb-K mixtures is also discussed. Our results shed light on the droplet formation in a vast class of heteronuclear atomic systems through the manipulation of single-particle physics.
Quantum droplets have intrigued much attention recently in view of their successful observations in the ultracold homonuclear atoms. In this work, we demonstrate a new mechanism for the formation of quantum droplet in heteronuclear atomic systems, i.e., by applying the synthetic spin-orbit coupling(SOC). Take the Bose-Fermi mixture for example, we show that by imposing a Rashba SOC between the spin states of fermions, the greatly suppressed Fermi pressure can enable the formation of Bose-Fermi droplets even for very weak boson-fermion attractions, which are insufficient to bound a droplet if without SOC. In such SOC-induced quantum droplets, the boson/fermion density ratio universally depends on the SOC strength, and they occur in the mean-field collapsing regime but with a negative fluctuation energy, distinct from the interaction-induced droplets found in literature. The accessibility of these Bose-Fermi droplets in ultracold Cs-Li and Rb-K mixtures is also discussed. Our results shed light on the droplet formation in a vast class of heteronuclear atomic systems through the manipulation of single-particle physics.
Self-bound droplets are ubiquitous in nature, while their quantum mechanical analogs, quantum droplets, are challenging to achieve in physical systems as their appearance requires sophisticated balance between attractive and repulsive forces. Recently, the study of quantum droplet has become a hot topic in the field of ultracold atoms. A pioneer work by Petrov showed that self-bound droplets of a two-component Bose gas can form in the mean-field collapsing regime [1] , due to a balance between mean-field attraction (∼ −n 2 , n is the density) and Lee-Huang-Yang repulsion from quantum fluctuations (∼ n 5/2 ), and importantly, they stay in the weak coupling regime that can effectively avoid atom loss. To date, quantum droplets have been successfully observed in Lanthanum atoms with strong dipole-dipole interaction [2] [3] [4] [5] , and in alkali boson mixtures [6] [7] [8] which exactly follow Petrov's scenario. Droplet formation has recently also been predicted in low-D [9] [10] [11] [12] and in photonic systems [13] .
Given successful explorations of quantum droplets in homonuclear systems [2] [3] [4] [5] [6] [7] [8] , it naturally arises a question whether such a peculiar state exists in heteronuclear systems, especially Bose-Fermi mixtures with coexisting different statistics. Actually, in this problem the BoseFermi and Bose-Bose mixtures share some similarities, in that the Fermi pressure in the former naturally plays the role of boson repulsion in the latter as a repulsive force, and both systems host an additional repulsion from quantum fluctuations [1, 14] . So a Bose-Fermi droplet is expectable by fine-tuning boson-fermion attractions, as has been theoretically confirmed recently [15] . Nevertheless, one notes that the Fermi pressure scales as ∼ n 5/3 , which, compared to the boson repulsion (∼ n 2 ), generates higher repulsive force in the dilute limit. Accordingly, a stronger attraction in Bose-Fermi mixtures is required to form a droplet. Strong interaction can invalidate perturbative theories in treating the droplets, and inevitably induce severe atom losses to prevent their realistic detection in experiments.
In this work, we demonstrate a new route to stabilize the quantum droplet, i.e., by introducing the spin-orbit coupling (SOC). In the past few years, cold atoms experiments have successfully realized the synthetic 1D [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] and 2D [27] [28] [29] types of SOC, and the highly symmetric SOC including the Rashba and isotropic types have also been theoretically proposed [30] [31] [32] [33] [34] [35] [36] [37] . Our work is simply motivated by the fact that SOCs can significantly modify the single-particle physics in low-energy space. In particular, for a highly symmetric SOC, the resulted singleparticle ground state degeneracy in combination with interactions has been found to induce intriguing dimer [38] [39] [40] [41] [42] [43] , trimer [44] [45] [46] and many-body physics [47] . Here, we point out another dramatic effect of the highly symmetric SOC, namely, in driving the formation of stable BoseFermi droplets in weak coupling regime. The associated mechanism can be generalized to various other heteronuclear systems in different dimensions.
To be concrete, we consider a Rashba spin-orbit coupled Fermi gas spin-selectively interacting with a Bose gas, which is described by the following Hamiltonian
Here b † k and f † k,α create a boson and a spin-α(=↑, ↓) fermion, respectively, with energy ǫ
2 /2m f ; U bb and U bf are respectively the bare boson-boson and boson-fermion interactions, which can be related to scattering lengths a bb and a bf via renormalization equations, for instance,
, and V the volume. Here we consider a Rashba SOC between two-species fermions with strength λ, and the resulted single-particle eigenstate is created by f †
, which gives a U (1) ground state degeneracy in k-space with k ⊥ = λ. For brevity, we take = 1 throughout the paper.
In this work, we consider weakly interacting bosons with small a bb (> 0), and a weak attraction between boson and spin-↑ fermion with small a bf (< 0). Given the boson and fermion densities n b and n f , the energy density of the system can be written as
here
] is the ground state energy of the Bose gas with Lee-HuangYang correction. E f is the Fermi sea energy under Rashba SOC:
with E f ≡ λ 2 f /(2m f ) the Fermi energy and λ f the Fermi momentum, determined by the density constraint
bf is the interaction energy between bosons and fermions, here E (1) bf = g bf n b n f,↑ is the mean-field interaction energy, and E (2)
is the lowest-order correction due to density fluctuations, which can be obtained from the secondorder perturbation theory as:
Here
is the Bogoliubov excitation energy of bosons. In the limit of λ → 0, our result recovers the perturbative energy of Bose-Fermi mixtures without SOC [14] .
Given E(n b , n f ) in (2), one can obtain the chemical potentials µ b = ∂E/∂n b , µ f = ∂E/∂n f , and the pressure density P = P b + P f + P bf , where
bf ;
Here P b (P f ) is the pressure caused by individual bosons (fermions), P bf is due to boson-fermion interactions and contributed from both the mean-field (P
bf ) and the quantum fluctuation (P (2) bf ) parts. The introduction of SOC will not change P b and P (1) bf , but will strongly modify P f and P (2) bf as shown below. Before proceeding, we should note that a stable ground state droplet occurs when the following conditions are simultaneously satisfied:
here the condition (i) describes a self-bound object that is in equilibrium with vacuum, a characteristic feature of droplet [1] ; condition (ii) further searches for the ground state droplet with minimal energy [15] ; and (iii) ensures the droplet be stable against density fluctuations. To gain the first insight on how a Rashba SOC affect the droplet formation, in Fig.1 we take 133 Cs-6 Li system and show its energy E, pressure P and pressure components P f , P (2) bf as functions of SOC strength λ, for a given attraction a bf = −3a bb and given densities n b a 3 bb = 2 × 10 −5 , n f a 3 bb = 10 −4 . It can be seen that as increasing λ from zero, both E and P decrease monotonically, such that at a critical λ c a bb ∼ 0.75, P can reduce to zero with a negative E, as marked by red arrow in Fig.1 , which gives a droplet solution satisfying condition (i). During this process, P f and P (2) bf also decrease, while the reduction of total P mainly comes from P f , since P (2) bf varies in a relatively smaller scale.
The suppressed Fermi pressure (P f ) by Rashba SOC can be attributed to the U(1) ground state degeneracy and thus the enhanced density-of-state ρ(E) at low E, which approaches a constant (∼ m f λ) as in an effective 2D geometry, rather than zero as in the usual 3D case. As a result, in the presence of SOC, more fermions can be accommodated in the low-E space and for a given n f this greatly suppresses the total energy and the Fermi pressure. Specifically, in the low-density or strong-SOC regime where only the lower helicity branch is occupied, i.e., n f < n f,c ≡ λ 3 /4π, we have λ f = 4πn f /λ and
This shows that the presence of Rashba SOC can fundamentally alter the energy(pressure)-density scaling relation, from ∼ n 5/3 f in the usual case, to ∼ n 2 f . This greatly suppresses E and P for a dilute Fermi gas (with small n f ). Moreover, Eq.7 shows that E, P can be further reduced by increasing SOC strength λ, as also shown in Fig.1 .
Given the robust single-particle physics modified by Rashba SOC, the suppression of P should generally apply to all boson/fermion densities. In Fig.2 , we show the contour plots of P(n b , n f ) for Cs-Li system taking a fixed a bf = −3a bb and several different values of λa bb . At λa bb = 0.02( Fig.2(a) ), P is always positive, while it can be effectively reduced when increasing λa bb to 0.06 (Fig.2(b) ), where it touches zero along a small loop in (n b , n f ) plane and becomes negative inside. Further increasing λa bb to 0.08 and 0.1 (Fig.2(c,d) ), P is fur- ther reduced and the zero-pressure loop becomes even enlarged. On each loop in (b-d), the location of ground state droplet following condition (ii) is further marked by a black star, and we have checked that all these solutions are with E < 0. In addition, because the stars all locate at the top right corner of the loops, we have ∂P/∂n b > 0 and ∂P/∂n f > 0, which automatically ensure the satisfaction of condition (iii). Therefore they represent stable ground-state droplets satisfying all conditions (i-iii).
Repeating the same procedure for different attraction strengths a bf /a bb = −2, −3, −4, we show in Fig.3 the boson/fermion densities and their ratios as functions of λ for the ground state Cs-Li droplets. As shown in Fig.3(a) , for a bf = −4a bb (black circles), the droplets start to form at small λa bb ∼ 0.03 with fermions occupying both the lower and upper helicity branches (i.e.,n f > n f,c ≡ λ 3 /4π), thus these droplets are mainly interaction-induced similar to those without SOC [15] . Gradually reducing attraction to a bf = −3a bb (red triangles), the droplets move to larger λ and n f starts to drop below n f,c . For small attraction a bf = −2a bb (blue diamonds), the droplet appears at λa bb ≥ 0.09 with n f ≪ n f,c , i.e., the fermions are located near the bottom of lower helicity branch with U(1) ground state degeneracy. Such droplet formation crucially relies on the suppressed Fermi pressure by Rashba SOC (see Eq.7), and can only appear for strong SOC and weak attractions. Thus we term it as the SOC-induced droplet, in order to distinguish from the interaction-induced ones at small or zero SOC. Below we will extract several unique features for such kind of droplet.
First, given the fermion energy in Eq.7, we see that SOC can conveniently tune the mean-field stability, and a mean-field collapse occurs for sufficiently large λ at
The dependence of λ c on a bf is plotted in the inset of Fig.3(b) , and this qualitatively explains why a stronger SOC is required for droplet formation at weaker attractions, as shown in Fig.3(a) . Secondly, by requiring a minimal mean-field energy like in Bose-Bose mixtures [1] , we obtain an optimal boson/fermion density ratio as
This shows a universal dependence of boson/fermion density ratio on the SOC strength, which is one of characteristic features of the SOC-induced droplet. We see from Fig.3(b) that Eq.9 can well predict the actual density ratio for the SOC-induced droplets at a bf = −2a bb (with small discrepancy attributed to quantum fluctuation effect), but deviate largely from that of the interactioninduced ones at stronger attraction a bf = −4a bb . The SOC-induced droplets also significantly differ from the interaction-induced ones in quantum fluctuations. To compare the fluctuation effects for all sets of parameters, we investigate the relative ratio R ≡ E (2) bf /|E (1) bf |, which quantity can also be used to judge the validity of second-order perturbation theory. In Fig.4 , we plot the energy E and associated ratio R for the droplet solutions in Fig.3 . One can see that at given a bf , E monotonically decrease as increasing λ. For the same window of |E| ∈ [2 × 10 −9 , 3 × 10 −8 ], R can range within [12%, 20%] for a bf = −4a bb , while can be reduced to [3%, 10%] for a weaker attraction a bf = −3a bb . For the SOC-induced droplet at a bf = −2a bb , R turns negative and its absolute value can be even smaller (∈ [0, 5%]).
Three remarks are in order. First, the fact that the SOC-induced droplets host sufficiently small |R| is associated with their appearance in the weak coupling regime, i.e., small a bf , which guarantees the validity of perturbative treatment in this problem as well as the practical stability in experiments. In comparison, the interactioninduced Bose-Fermi droplets have much higher R [48] . bf /|E (1) bf | (b) as functions of λ for the droplet solutions in Fig.3 .
Secondly, the SOC-induced droplets can exhibit a negative fluctuation energy E (2) bf < 0, which is very rare in 3D systems. This is, again, attributed to the enhanced DoS by Rashba SOC, such that more fermions can be excited near the ground-state manifold with small excitation energy and the second term in Eq. 4 can dominate to produce a negative E (2) bf . Similar effect produced by Rashba SOC have been shown to enhance the quantum depletion of a 3D Bose condensate [49, 50] . Finally, despite of a negative E (2) bf , the fluctuation pressure P (2) bf still keeps positive given ∂E (2) bf /∂n f > 0. This is why such droplet can be stabilized in the mean-field collapsing regime with λ > λ c , see the inset of Fig.3(b) . Now we discuss the accessibility of SOC-induced BoseFermi droplets in ultracold 133 Cs-6 Li and 87 Rb-40 K mixtures. For a laser-generated SOC, typically the maximum λ is given by the wave vector of two counter-propagating lasers, i.e., λ max ∼ 2π/1000 nm −1 . For Cs-Li mixtures near 892G Feshbach resonance [51] , Cs-Cs scattering length a bb ∼ 15nm, giving λ max a bb ∼ 0.1. According to Fig.3 , a Cs-Li droplet can form at a bf = −2a bb = −30nm, with densities n f = 0.1n b = 4 × 10 12 cm −3 . For Rb-K mixtures near 546G resonance [52] , given a smaller Rb-Rb scattering length a bb ∼ 5nm, we have λ max a bb ∼ 0.033. According to Eqs. (8, 9) , the minimum attraction required for mean-field collapse is a bf ∼ −7.6a bb ∼ 40nm, and the optimal density ratio in the droplet is n f /n b ∼ 0.17. We note that n b is much larger than n f in both Cs-Li and Rb-K droplets, similar to Bose polaron systems as have been realized in cold atoms without SOC [52] [53] [54] .
In summary, we have demonstrated the formation of Bose-Fermi droplets in the weak coupling regime driven by a Rashba SOC between the spin states of fermions. The SOC-induced droplets feature a negative fluctuation energy, while occur in the mean-field collapsing regime with a positive fluctuation pressure, distinct from the interaction-induced ones studied in literature. Moreover, the boson/fermion density ratio universally depends on the strength of Rashba SOC, which property can be detected in experiments. Such SOC-induced droplet has a number of implications as below. First, it offers an ideal platform to study the topological edge states when further combine SOC with interactions, since the droplet configuration naturally provides surface/boundary for cold atoms without resorting to external potentials. Moreover, this work reveals the importance of single-particle physics in engineering quantum droplets, and the associated mechanism can be generalized to a vast class of heteronuclear atomic systems in various geometries. In particular, this work sheds light on the droplet formation even in Fermi-Fermi mixtures and in mixed dimensions.
